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ABSTRACT 

Considerable evidence suggests that supermassive black holes reside at the centers of massive galactic 
bulges. At a lower galactic mass range, many dwarf galaxies contain extremely compact nuclei that 
structurally resemble massive globular clusters. We show that both these types of central massive 
objects (CMO's) define a single unbroken relation between CMO mass and the luminosity of their 
host galaxy spheroid. Equivalently, Mqmo is directly proportional to the host spheroid mass over 4 
or ders of magnitude . We not e that this resul t has b een simultaneously and independently identified 
bv lCote et, alJ 1)20061) . see also iFerrarese et all l|2006j) . We therefore suggest that the dE,N nuclei may 
be the low-mass analogs of supermassive black holes, and that these two types of CMO's may have 
both developed starting from similar initial formation processes. The overlap mass interval between 
the two types of CMO's is small, and suggests that for Mqmo > 1O 7 M0, the formation of a black hole 
was strongly favored, perhaps because the initial gas infall to the center was too rapid and violent for 
star formation to occur efficiently. 

Subject headings: black hole physics — galaxies: bulges — galaxies: nuclei — galaxies: dwarf — 
galaxies: fundamental parameters 



1. INTRODUCTION 



Even before the presence of supermassive black 
holes (SBH) was confirme d in galactic centers 
ijKormendv fc Richstond Il995|) . studies of how these 
dark massive o bjects relate to their ho st galaxies were 
underway (see [Ferrares e fc Fordl 120051 for a review). 
iKormendv fc Richstonel l|1995l) found that the masses 
of SBHs are correlated with the dynamical masses of 
the galactic bulges in which they reside. This correla- 
tion, along with others such as the Mbh — o relation 
l)Gebhardt et all 1200(1 IFerrarese fe MerrittJ 120001) and 
MnH-L^.ir,. ilKormendvll993llMcLure fc Dunlorj|l2002t 
iMarconi fc Hiindl2003t iBettoni et al.ll2003l) suggest that 
the formation of black holes is intricately linked with 
galaxy evolution and the early formation of the galaxy 
s pheroid. 

iMagorrian et alJ l)1998l) were the first to explore the 
Mbh — Mbuige relationship in detail, finding that black 
hole mass goes up essentially in direct proportion to 
bulge mass, Mbh ~ M^ph- Later work bv lHaring fc Rixl 
( 2004) improved the precision of previous discussions ; 
their results are consistent with IMagorri an et alJ £1998), 
although they find a slightly higher slope 1.12±0.06. 
They also find that the Mbh — Mb u i ge correlation is as 
tight as the more often explored Mbh — o relation. 

What is less well known is whether this trend con- 
tinues to lower masses. Observational searches for so- 
called intermediate-mass black holes (IBH) at the centers 
of smaller galaxies have been attempted, mostly with- 
out success, all the way down to the lowes t-mass dwarf 
spher oidal satellites of the Mi lkv Way (e.g.lyalluri et alJ 
120051 iMaccarone et alJl2005i iGreene fc Holl2004|) . Well 
established cases with Mbh < 10 7 M Q are extremely 
rare, the smallest one being the black ho le in M32 at 
M BH = 2.5 x 10 6 M Q l)Verolme et al.ll2002D . It has been 
suggested that the small (~ 1O 3 M ) black holes pro- 
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posed to exist in some massive globular clusters such as 
M15 and M31-G1 may represent the low-end extrapola- 
tion of the Mbh — M sn h relation llGebhardt. Rich fc Hoi 
I2002t iGurkan. Freitag. fc Rasiol 120041) . However, even 
if these GC-type black holes exist, they have formed 
within a stellar system of vastly different structure and 
smaller scale size than a galactic spheroid. Although 
galactic bulges and GCs are both "hot" stellar systems, 
they follow quite different fundamental-plane relations 
(e.g. lHasegan et al.| 120051 iMcLaughlin fc van der Marell 
20051 iKissler-Patig. Jordan, fc Bastianl2 006. and numer- 
ous additional papers cited there): for E galaxies and 
bulges, the Faber- Jackson relation shows that luminos- 
ity scales with central velocity dispersion as I ~ c 4 , 
while GCs follow a relation closer to L ~ a 2 (equivalent 
to nearly constant effective radius). The two sequences 
merge at the luminosity level of the "Ultra-Compact 
Dwarfs" (UCDs; cf. the references cited above). 

However, small galaxies often contain another type 
of dense, massive system at their centers. A high 
fraction of dwarf elliptical galaxies in particular con- 
tain well defined, sharp nuclei: these are compact 
and (mostly) old stellar systems that have effective 
radii of a few parsecs, typically resembling massive 
globular clusters in size and structure (e.g. | Du rref 
Miller et alJ 119981 lLotz 
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Some of the 
most massive known globular clusters such as NGC 
6715, uj Cen, or M31-G1 are thought to be the 
relic nuclei of satellite dE,N galaxies that have 
been tidally stripped and absorbed by their bigger 



uj uen, or 
nuclei of satellite 
tidally s tripped and 
parents (e.g. | Freemanl 119931: |Zinngckg£_ej_al.l 
i Lavden fc Saraiedinil l2000t iMa iewski et al.l 
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Mevlari et al .1120011 rMcWillia,rn fc Smecker-Hauel [2005) . 
In turn, the dE,N nuclei themselves show no evi- 
dence for harboring massive black h o les t hemselves 
Guhathakurta. fc van der Marell l2002|) (while 
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their models suggest that BH formation is possible, they 
find only a generous dE,N black hole upper mass limit 
of 10 7 M Q ). 

In this Letter, we explore the possibility that the dE,N 
nuclei may be the low-mass analogs of the SBHs found 
in more massive galaxies, and that there is a single mass 
continuum that connects these two types of central mas- 
sive objects (CMOs). 

2. THE Momo ~ Mspheroid RELATION 

In order to explore the more general link between a 
galaxy's central massive object (CMO) and its surround- 
ing spheroidal component, we combine the relevant data 
in the literature for nucleated dwarf ellipticals and for 
galaxy bulges with SBHs. In Figure 1, we show the 
correlation between CMO masses and the luminosity of 
their surrounding spheroid: the dE,N nuclei data are 
ta ken from the high-resolu t ion HST WFPC2 imaging 
of lLotz. Miller fe Ferguson! <|2004D, and the SBH data 
from the co mpilations of |Ferrarese fc Fordl (|1)05) (SBH 
masses) and lTremaine et all l)2002|) (spheroid data) . (Al- 
though the SBH masses are more commonly plotted 
against the bulge velocity dispersion a sp h, we cannot do 
this for more than a handful of the dE,N galaxies since 
only a few have measured a— values. We therefore com- 
pare these two types of systems through their spheroid 
luminosities, which still give a well defined sequence.) 
For the dE,N nuclei, direct dynamical masses are not yet 
available for most of them, so we have calculated their 
masses by assuming a mass-to-light ratio appropriate for 
massive globular clusters, (M/L) ~ 3; within factors of 
two, the general trend shown in Fig. 1 is quite insensitive 
to the adopted (M/L) of the nucleus. 

Figure 1 shows that the two types of CMOs form a sin- 
gle continuous trend of increasing Mcmo with increasing 
host spheroid luminosity that seamlessly connects the dE 
nuclei with the SBH. There is, also, a fairly distinct break 
near Mcmo ~ 10 7 Mq, where the most luminous dE nu- 
clei stop and the main population of SBHs begins. The 
small overlap between the two types of CMOs should only 
partly be due to observational selection effects: finding 
SBHs with M < 10 M® is challenging since they gen- 
erate only small and subtle dynamical effects on their 
surrounding bulges; but any dE nuclei more luminous 
than ~ 10 7 Lq would easily stand out observationally, 
and it seems plausible to conclude that they must be 
quite rare. While there is a change in slope at or near 
this transition point, the fact that these two object types, 
formerly thought to be unrelated, form a continuous se- 
quence, suggests an interesting connection between these 
two populations. 

For the SBHs, Mcmo scales closely in direct pro- 
portion to L sp h, as mentioned above. By contrast, 
Fig. 1 shows t hat the slope for the dE nucle i is dis- 
tinctly flatter: lLotz. Miller fc Ferguson! 1)2004) do not 
quote a specific correlation, but a u seful value is given by 
iGrant. Kuipers. ~ Phillippsl l)2005j) . who find from their 
(B, I) photometry of dE,N galaxies in Virgo an overall 
scaling of L nuc ~ L®g. However, for progressively lower- 
luminosity dE galaxies, it is well known that their lumi- 
nosity becomes increasingly less representative of their 
total mass, because the dark-matter component becomes 
relatively more dominant. Intrinsic scatter aside, it is 
plausible to expect that the CMO mass might be most 
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Fig. 1. — Log of the mass of the Central Massive Object (dE nu- 
cleus or central black hole) in a galaxy, Mqmo/Mq, plotted versus 
the log of the luminosity of the spheroid of the host galaxy, in So- 
lar luminosities. Supermassive black holes are the open diamonds, 
while dE,N nuclei are the crosses. For the black holes, Lg refers 
to the total bulge luminosity of the galaxy, while for the dE,N nu- 
clei, Lb refers to the luminosity of the entire dE. The line shown 
for the dE,N data represents the _B -band slope of 0.7 measured by 
IGrant. Kuipers. fc Phillippsl 120051) . 

strongly determined by the depth of the potential well 
that it finds itself in; that is, by the total mass enclosed 
by the galaxy spheroid. A more informative way to re- 
plot the correlation in Fig. 1 might then be a graph of 
CMO mass versus spheroid mass. 

In Figure 2, we show Mcmo versus the calculated val- 
ues of M sp h- For the large-galaxy bulges, we have cal- 
culated total masses from their publis hed magnitudes 
and t heir mass-to-light ratio (M/L). iTremaine et alJ 
(2002) include bulge (M/L) data for most of their galax- 
ies, which we used to obtain M sp h where possible. For 
those without listed M/L ratios, we used M/L = 4.0, 
the midpoint of the published values. These M/L ra- 
tios are derived from measured velocity dispersions in 
the hot component of the galaxy, and thus represent 
the total mass, from both luminous and dark matter, 
contained within the central spheroidal component of 
the galaxy. By employing the individual M/L values, 
we implicitly take into account any global trend of the 
mass-to-light ratios with galaxy luminosity; for example, 
for large ellipticals, t he mass-to-light ratio s scale roughly 
as M/L ~ L° 3 (e.g. Ivan der Mare]lll99l . The (M/L) 
values from ITremaine et^lTl|20"02l) agree well with this 
trend. 

While published M/L data exist for numerous large 
galaxies and their spheroidal components, the literature 
for dE galaxies is not nearly so complete. Since so few dE 
velocity dispersions have been measured, we have used 
M/L to convert their luminosities into masses. Accord- 
ing to cold dark matter theory, dwarf ellipticals form 
from average-amplitude density fluctuation s in the early 
unive rse, and are dark matter dominated l)Dekel fc Silk! 
1986). There have been several subsequent efforts to 
measure the relationship between a galaxy's M/L ra- 
tio and its luminosity: If we write (M/L) ~ L~ a , var- 
ious recent res ults in the literature give a in the range 
0.2 - 0.4 fe.g. iDekel fc Silld 11983 Ipeterson fc Caldwel 
1 19931 iMac Low fc Ferraralll999t iKormendv fc Freemar 
l2004UDe Riicke et al.l200l|) . We adopt a scaling a ~ 0.3, 
and assume for the brightest dE's in the sample (Mj L) ~ 
5 with the view that the combined stellar population of 
the largest dwarf E galaxies is closely similar to that of 
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Fig. 2. — Log of the mass of the central massive object (dE 
nucleus or central black hole) versus the log of the mass of the old 
spheroidal component, both in Solar masses. The linear regression 
(solid) yields a slope of 1.04, supporting the idea that the direct 
correlation between Mgu — Mb u [ ge continues to lower masses. The 
average of the fits in X and Y is indicated by the dashed line. 
The dotted line marks the transitional potential- well mass, below 
which central SBH formation is inh ibited. The globular cluster 
data (open circles) were taken from Kawakatu & Umcmura ( 2005) 
and references therein. 

the bulge of a bigger galaxy. This scaling then implies 
that the dE spheroid mass including the dark matter 
scales as M sp h ~ L 7 , which is parallel to the relation 
between Mcmo and L in Fig. 1 above. This result im- 
mediately implies Mcmo ~ M^ p ° h f° r tne dwarf galaxies. 

A straightforward linear regression fit of Mcmo versus 
M sp h to the combined data in Fig. 2 yields 

logMcMO = (1-04 ± 0.06)logM sp/l - (3.10 ± 0.60) (1) 

whereas a fit assuming the scatter to be distributed 
equally between the two quantities yields the dashed line 
in Figure 2, given by 

logMcMO = (1.18 ± 0.10)logM sp/l - (4.43 ± 0.81) (2) 

The quoted uncertainties represent minimum la er- 
rors. These fits are mutually consistent to well within 
their 2a uncertainty. In summary, we find that the 
CMO mass in all these galaxies, defined either as the 
central black hole or the stellar-system nucleus, scales 
accurately in direct proportion to the surrounding mass 
of the spheroid over 4 orders of magnitude. We note 
that this trend has al so been independe n tly and simulta- 
neousl y identified by ICote et all lj2006T) : iFerrarese et al.1 
( 200(| . 

For sake of completeness, we also include in Fig. 2 
the upper limits for the suggested black hole masses 
in the globular clusters u> C en, M15, and M31-G1 
ijKawakatu fc Umemural 120051 and referen c es th erein) . 
As suggested bv iGebhardt. Rich fc Hoi l)2002|) and 
iGurkan. Freitag. fc Rasiol l)2004[) . thev lie close to the 
~ 10 3 — 1O 4 M0 black hole mass regime that would be ex- 
pected from an extreme downward extrapolation of the 
SBH relation. As noted above, however, it is unclear 
whether they belong generically to the same sequence. 

3. DISCUSSION 

Although the connection we propose between SBHs 
and dE,N nuclei rests on some indirect argument, the 
unbroken continuum shown in the Figures, regardless 
of modest slope changes, is highly suggestive that both 



types of objects may represent two possible endpoints of 
a similar initial formation process. Both types of objects 
are at the deepest points in their surrounding large-scale 
potential wells, and both are suggested to be quite old; 
that is, they were among the first substructures to have 
formed within the initial spheroid of the host g alaxy (e.g. 
lLotz. Miller fc Fergusonll2004HFerraresell2002| i. 

We suggest that the key factor deciding whether a 
CMO would end up as either a supermassive black hole 
or a globular-cluster-like stellar system may have been 
the rapidity of the initial gas infall rate to the center. 
This, in turn, will be driven by the depth of the large- 
scale potential well of the young host galaxy. For gas 
gravitating within the dark-matter h alo of the spheroid, 
lHaehnelt. Nataraian. fc Reesl (^998) find that the mass 
deposition rate at the center will increase with the halo 
circular velocity as M ~ u 3 , or equivalently l)Ferraresd 
2002) M ~ M DM - Evidently, for the highest-mass 
bulges, gas falls in rapidly and violently, favoring the for- 
mation of a black hole and quick initial growth. It seems 
reasonable then to speculate that for smaller galaxies 
with slower central accumulation rates, say timescales 
very roughly longer than ~ 10 6 years, the central gas 
mass would have time to make stars, halt any further in- 
ward dissipation and collapse of the gas, and settle into a 
subsystem strongly resembling a massive globular cluster 
orUCD. 

If this speculation is essentially correct, then Figures 
1 and 2 empirically identify the transition point where 
the CMO changes from a dE,N nucleus to a SBH. This 
mass occurs at approximately Mcmo — 1O 7 M0 or equiv- 
alently M sp h — 10 10 M Q . Above that limit, formation 
of a SBH is strongly favored. Contrarily, galactic po- 
tential wells much smaller than this appear less likely 
to support the formation and growth of a central black 
hole; instead, the infalling gas generates a more familiar, 
though still very c ompact, stellar sy stem. In this respect, 
the suggestions of IFerrarese! l)2002j) that potential wells 
"... of mass smaller than ~ 5 x 1O 11 M are increasingly 
less efficient at for ming SBHs - perhaps even unable to 
form them" , and of lHaehnelt. Nataraian. fc Reesl l)1998fl 
that "there might be a physically determined lower limit 
[above 10 6 Mq] to the mass of a supermassive black hole" 
seem prescient. On the basis of the preceding arguments, 
we speculate that when it becomes possible to model 
this rapid central formation process more completely, the 
accumulation of ~ 1O 7 M0 of gas within a "transition" 
bulge mass of ~ 5 x 10 9 M© will be found to take 10 6 
years or less. 

Our results are also more consistent with dE,N models 
in which the formation of the dwarf galaxy and its mas- 
sive, distinct nucleus are linked and coeval. Lastly, we 
point out that this link may provide a physical reason 
for the long-observed upper mass limit of abou t 10 7 M Q 
for old globular clusters (e.g. lHarris 
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